Sherpa population is an ethnic group living in south mountainside of Himalayas for hundreds of years. They are famous as extraordinary mountaineers and guides, considered as a good example for successful adaptation to low oxygen environment in Tibetan highlands. Mitochondrial DNA (mtDNA) variations might be important in the highland adaption given its role in coding core subunits of oxidative phosphorylation in mitochondria. In this study, we sequenced the complete mtDNA genomes of 76 unrelated Sherpa individuals. Generally, Sherpa mtDNA haplogroup constitution was close to Tibetan populations. However, we found three lineage expansions in Sherpas, two of which (C4a3b1 and A4e3a) were Sherpa-specific. Both lineage expansions might begin within the past hundreds of years. Especially, nine individuals carry identical Haplogroup C4a3b1. According to the history of Sherpas and Bayesian skyline plot, we constructed various demographic models and found out that it is unlikely for these lineage expansions to occur in neutral models especially for C4a3b1. Nonsynonymous mutations harbored in C4a3b1 (G3745A) and A4e3a (T4216C) are both ND1 mutants (A147T and Y304H, respectively). Secondary structure predictions showed that G3745A were structurally closing to other pathogenic mutants, whereas T4216C itself was reported as the primary mutation for Leber's hereditary optic neuropathy. Thus, we propose that these mutations had certain effect on Complex I function and might be important in the high altitude adaptation for Sherpa people.
Introduction
Sherpa people inhabit in the south side of Himalayas. In China, most Sherpas live in the border areas such as Dingjie County and Zhangmu Town in Tibet, roughly between the northern Tibetan Plateau and the southern mountains and plains in Nepal (Oppitz 1968; Qie and Sang 2006; Zhao 2010) . Sherpa people are famous for their extraordinary mountaineering ability and take guidance of climbing Mount Everest as their careers without suffering from chronic mountain diseases. This trait is considered as a distinct characteristic of well adaptation to the low oxygen environment of highland. Thus, Sherpa population is a good candidate for studying the genetic mechanism of highland adaptation. In recent years, genome-wide studies have shown probable candidates of hypoxia adaption for Tibetan populations (Beall et al. 2010; Simonson et al. 2010; Yi et al. 2010; Peng, Yang et al. 2011; Xu et al. 2011) . As a special population living on the Tibetan Plateau, Sherpa people have also shown different genetic patterns compared with lowland populations on several genes, such as HIF-1 (Suzuki et al. 2003) , eNOS (Droma et al. 2006) , ACE (Droma et al. 2008) , and EPAS1 (Hanaoka et al. 2012) , indicating candidates underlying Sherpa adaptation. However, there were few reports focusing on the mitochondrial DNA (mtDNA) genomes of Sherpas.
mtDNA is a well-known genetic marker for its high mutation rate, small genome size, maternal inheritance, and lack of recombination (Ballard and Rand 2005) . Therefore, an analysis of mtDNA sequences is expected to reveal important clues on the genetic structure of populations. In addition, mtDNA encodes 13 core subunits of oxidative phosphorylation (OXPHOS), 2 rRNAs, and 22 tRNAs. OXPHOS supplies 90% of the energy of human body demand, forming the center role of mitochondria in metabolism regulation. mtDNA variations, affecting the OXPHOS function, are important in the metabolic rate modulation, oxygen utilization, and hypoxia adaptation (Wallace et al. 2010) . Previous functional analysis reported that mtDNA variation T3394C in ND1 might be the candidate for adaptation in Tibetan and ß The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com Indian highlanders (Ji et al. 2012) . Thus, it is very important to gain knowledge on mtDNA structure of Sherpa people to explore its potential roles in adaptation.
To identify the potential adaptive variants of whole mtDNA, in this study, we sequenced the entire mitochondrial genomes of 76 Sherpa people who were collected from Zhangmu Town in Tibet. Generally, Sherpa mtDNA haplogroup constitution was close to Tibetan populations. We detected three lineage expansions in Sherpa populations and found that two of them (A4e3a and C4a3b1) were Sherpaspecific. Simulation results showed that it is less likely for these lineage expansions to occur in neutral models especially for C4a3b1. The nonsynonymous mutations (G3745A and T4216C) harbored on these two Sherpa-specific lineages might have certain effect on Complex I function and therefore we proposed that they were candidate variants for mtDNA adaptation of Sherpas.
Results

mtDNA Genetic Structure
We obtained high-quality sequence data of the complete mtDNA genomes (average coverage being 1,746Â and minimum coverage 347Â) of 76 Sherpa individuals. A medianjoining network of mtDNA genomes were reconstructed using Network v4.6 (supplementary fig. S1 , Supplementary Material online), and the phylogenetic trees of Sherpa samples (supplementary fig. S2 , Supplementary Material online) were reconstructed manually considering both the network and PhyloTree Build 15 (van Oven and Kayser 2009; Behar et al. 2012) . Haplogroup assignments were also consulted to PhyloTree Build 15. Generally, Sherpa population consists of common East Asian haplogroups, i.e., A4 (23.68%), C4 (18.42%), M9 (18.42%), D4 (6.58%), D5 (3.94%), F1 (1.31%), G3 (1.31%), M11 (1.31%), M13 (2.63%), albeit the haplogroups of distinct European origin (W and H, 2.63% totally) and the South Asian origin (M5, M4 00 67, M3, and U2b1, 14.47% in total) were also observed (see table 1 ). Multidimensional scaling method (MDS) analysis consistently showed that Sherpa population was located within the Asian cluster, genetically closer to Tibetans than to other East Asian and North Asian populations (see supplementary fig. S3 , Supplementary Material online).
Lineage Expansions
Notably, three major haplogroups showed star-like structures or high frequency of a specific haplotype suggesting expansions of these lineages, i.e., M9a1a1c1b1 (14.47%), A4e3a (18.42%), and C4a3b1 (14.47%). In figure 1 and supplementary figure S1, Supplementary Material online, M9a1a1c1b1 is a distinct star-pattern lineage and it diverged from its ancestor haplogroup M9a1a1c1b with two additional substitutions. One is a back mutation in HVS region G153A, and the other is a 12s variant T711C. In addition, most sequences within this haplogroup harbored C insertions at site 5899. This lineage was first reported in Peng, Palanichamy et al. (2011) , and here we denoted it as M9a1a1c1b1. We used all complete mtDNA sequences available to estimate the age of haplogroup using both r statistic-based method and maximum likelihood method. Its coalescence time was estimated as~5 kya (see table 2).
Most M9a1a1c1b1 samples were from Tibetans, Tibetanrelated populations, or Sino-Tibetan-speaking populations in India, such as Monpa, Ladakh, and Lachungpa people. Most Sherpa samples directly expanded from the M9a1a1c1b1 ancestor ( fig. 1) , showing that they might be derived directly from the ancestral population shared by Tibetans and Sherpas, but differ from extant residents in Tibet. The starlike structure of M9a1a1c1b1 might implicate a Neolithic expansion of East Asians to Tibetan Plateau, which corresponds to the time estimation on mitochondrial hypervariation regions and Y chromosomes (Qi et al. 2013) . Of interest, the dating of the expansion is contemporary to Majiayao Culture in Gansu (~5 kya) (Dong et al. 2012) , which is crucial for Neolithic peopling to Tibetan Plateau.
A4e3a was a Sherpa-specific lineage, which was not found in literature and was denoted firstly in the current analysis. We reconstructed the phylogeny of A4e lineages, and found that A4e3 bore T15262C (a synonymous mutation in Cytb), revised from that reported in PhyloTree Build 15. A4e3a were defined with five additional mutations, A207G (HVS), A9052G (S176G in ATP6), T13111C (ND5), T4216C (Y304H in ND1), and A15924G (tRNA THR ). This haplogroup also showed a star-like pattern with five branches diverging from the ancestral A4e3a node, indicating a lineage expansion within Sherpa population ( fig. 2 ). The coalescence time for A4e3a is~1.5 kya albeit great standard deviation (several hundred years to more than 2 kya for 95% confidence interval), showing a recent lineage expansion. Except A4e3a, other lineages which directly derived from A4e3 were three Han Chinese individuals (one from Henan and two from Zhejiang provinces) (Liu et al. 2012 ; Zheng HX, unpublished data), and 3 Sherpa mtDNA Lineage Adaption in Highlands . doi:10.1093/molbev/mst147 MBE A4e3a coalesced first with one Naxi individual from Yunnan province, suggesting a lowland origin. Another major Sherpa lineage was C4a3b. Interestingly, there was also a Sherpa-specific lineage in this haplogroup. We found 11 samples bearing additional four mutations compared with other C4a3b lineages, namely, C3745A (A147T in ND1), 5899insC (noncoding region), C11155T (ND4), and C13563G (ND5). We denoted this lineage as C4a3b1. Nine identical samples in C4a3b1 could not be distinguished from each other even with whole mtDNA sequences, indicating a very recent lineage expansion. Estimated coalescence time showed that C4a3b1 was only several hundred years old (~700 years on average).
Bayesian Skyline Plots
Given the knowledge of major lineages and their expansion time in Sherpa population, we further reconstructed the demographic history of Sherpas using Bayesian skyline plot (BSP) via mtDNA coding regions (supplementary fig. S4 , Supplementary Material online). It was observed that the effective population size (Ne) of Sherpas expanded from 3,200 to~23,200 at~60-50 kya, assuming 25 years as the length of generation time, probably corresponding to the lineage expansions of M and N after modern human migrated out of Africa. Interestingly, Sherpas showed distinct recent bottleneck in the past several hundred years, with Ne ranging from 10,000 to 2,400 (supplementary fig. S4 , Supplementary Material online). BSP constructed by nonexpansion lineages showed similar results (supplementary fig. S5 , Supplementary Material online). However, compared with above analysis on lineage expansion, Sherpa population experienced a recent population bottleneck except for two lineages (A4e3a and C4a3b1) that expanded to relatively high frequency. Both lineages distinctly survived more successfully than other lineages, suggesting potential adaptation.
Simulation Results
In order to test whether observed diversity pattern fits the neutral models, we simulated mtDNA coding region sequences via softwares MS (Hudson 2002 ) and seq-gen (Rambaut and Grassly 1997) . According to the history of Sherpas and the result of BSP, we constructed various demographic models (supplementary fig. S6 , Supplementary Material online, and table 3). Since ancestor of Sherpas migrated to the Solu-Khumbu District of Nepal~500 years ago, we constructed the population bottleneck event within the FIG. 2. A4e3 phylogeny of complete mtDNA sequences. The tree was constructed with all A4e3 sequences available. Yellow: Sherpas; white: East Asians who were one Naxi sample from Yunnan Province, and three Han Chinese from Henan and Zhejiang Provinces. past hundred years. There were 11 and 6 identical coding region sequences in C4a3b1 and A4e3a, respectively (figs. 2 and 3), and the simulations were set up to examine whether we could observe the same number (or more) of sequences in simulated data. Nearly all models showed that it was virtually improbable to observe a lineage with 11 or more samples (see table 3 ), indicating that the expansion of C4a3b1 violated the neutral models. In addition, if the population size of Sherpas in Zhangmu Town decreased~250 years ago, it is also not possible to observe two lineages with six or more same sequences respectively. Thus, we hypothesized that the Sherpaspecific lineages constitute outliers under neutral models and might be resulted from an adaptive evolution.
Potential Adaptive Variants
There were four potential functional variants defining C4a3b1 and A4e3a (A9052G in ATP6, T4216C in ND1, and A15924G in tRNA THR defining C4a3b1; G3745A in ND1 defining A4e3a), two of which were nonsynonymous mutations coding ND1 subunit. G3745A caused A147T in ND1, which showed a radical property change from a nonpolar amino acid to a polar one and might change the structure and function of ND1. T4216C caused Y304H in ND1, which also varied from an amino acid without charge to one with positive charge. It is noteworthy that this variant was reported to be associated with Leber's hereditary optic neuropathy (LHON) (Johns and Berman 1991; Brown et al. 1992) . Then, we predicted the secondary structure of ND1 subunit using TMHMM and mapped all pathogenic variants in OMIM (http://omim.org/, last accessed September 13, 2013) and MITOMAP database (Ruiz-Pesini et al. 2007) on it ( fig. 4) . ND1 subunit showed eight transmembrane regions in total. Both aforementioned variants were located in the transmembrane regions. In particular, site 147, in the fourth transmembrane region at N-terminal of the subunit, lies in the vicinity of FIG. 4 . Predicted secondary structure of Human ND1 subunit. The prediction was based on software TMHMM. Red amino acid denoted the two variants identified in Sherpa-specific lineages, A147T (C3745A) and Y304H (T4216C). Yellow amino acid pointed out the previous reported pathogenic mutation site in ND1, and the detailed information could be checked in supplementary table S1, Supplementary Material online.
FIG. 3.
C4a3b phylogeny of complete mtDNA sequences. The tree was constructed with all C4a3b sequences available. Yellow: Sherpas; blue: Tibetans or Sino-Tibetans in India; white: one East Asian sample from CHB.
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Sherpa mtDNA Lineage Adaption in Highlands . doi:10.1093/molbev/mst147 MBE two primary mutations for LHON, whereas site 304 was in the C-terminal helix. Mutpred scores of these two variants, consulted to Pereira et al. (2011) , were 0.690 for G3745A and 0.611 for T4216C, respectively (see supplementary table S1, Supplementary Material online), but not extremely high values as typical primary mutations (generally >0.9), indicating that these mutations had certain effect on metabolism regulations and might be involved in adaptation.
Discussion
Demographic History of Sherpa Population
Sherpa means "people from the east" in Tibetan language. Their ancestors were thought to migrate from the eastern Tibetan region of Kham to Solu-Khumbu District of Nepal (elevation 1,600-4,000 m)~500 years ago (Oppitz 1968) . Then, Sherpas in Nepal immigrated west to Zhangmu Town (3,400 m)~200 years ago (Qie and Sang 2006) . Some researchers thought that the ancestors of Sherpas in Kham were a clan of Tibetan people (Oppitz 1968; Zhao 2010) , whereas others considered that they were a clan of Tangut derivatives, who migrated westward to Eastern Tibet~800 years ago when Tangut Empire was devastated (Qie and Sang 2006; Zhao 2010 ). Sherpa population in Zhangmu might experience several bottleneck events in recent history. Thus, considering both the real historic events and the result of BSP analysis, we assumed different population contraction time within the past hundred years (see supplementary fig. S6 , Supplementary Material online) in simulation.
Proportions of Maternal Genetic Contributions from Tibetans
A considerable Tibetan (or Tibetan ancestors) contribution was observed in Sherpas. M70 and A11 were reported distinct Tibetan-specific lineages (Zhao et al. 2009; Qin et al. 2010 ). In addition, samples of M13a2, C4a3b, M9a1a1c1b1, M9a1a2a, A4i, F1c1a, and A6 were found to coalesce first with Tibetans or Sino-Tibetan-speaking populations residing in India. Thus, about half of Sherpa people might be Tibetan-related. Because the coalescent time of two major branches of Sherpas, M9a1a1c1b1 and C4a3b, was estimated as~5 and 9 kya, respectively, the time when some lineages of Sherpas came out of Tibetan-Sherpa ancestor population might be traced to early Neolithic Time. Interestingly, the remaining major lineage of Sherpas, A4e3a, coalesced first with one Naxi individual, then with one Han Chinese from Henan and two from Zhejiang provinces, suggesting a lowland ancestry of A4e3a from current data. However, further data support is still necessary, in case A4e3a is of highland origin and lowland A4e3 were derived from gene flow across these regions from highlands.
Lineage Expansion, Population Expansion, and Adaptive Evolution Lineage expansion, characterized by star-like pattern, reflects the increased growth of a specific lineage in number. If several different lineages expand simultaneously within the same period of time, this pattern is usually considered as evidence of population expansions, such as Global Paleolithic expansions revealed by mtDNA (Zheng et al. 2011 (Zheng et al. , 2012 . Otherwise, if the population size remains constant or the population size even reduces, a lineage expansion means that the frequency of this lineage in population elevated and might indicate that this lineage survives better than other lineages and is therefore under positive selection.
From the history of Sherpas, they seemed to have experienced selective constraints of low oxygen concentration in extreme altitude within Himalayan region in the past several hundred years. For mtDNA, the signal of positive selection of a specific haplotype is the elevation of its frequency in population. Under various neutral models, we showed that there is little probability for C4a3b1 expansion in Sherpas. If the population size of Sherpas in Zhangmu contracted~250 years ago, it is also impossible to observe the A4e3 expansion. Additionally, ages of these two lineages might be very young for only several hundred years, corresponding to time Sherpas began exposed to selective constraints in recent hundreds of years. Thus, our result indicated that these two lineages might be under positive selection.
Nevertheless, further functional experiment should be fundamental to validate the adaptive biochemical changes induced by T4216C and G3745A, in case that these two variants were nearly neutral mutations remained in young lineages due to short time exposed to selective constraints (Ruiz-Pesini et al. 2004; Ho and Larson 2006; Kong et al. 2006 ).
Potential Adaptation Mechanism for ND1 Variants
Complex I is the protein complex located in the inner mitochondrial membrane that catalyzes the transfer of electrons from NADH to coenzyme Q (CoQ, ubiquinone). It is one of the "entry enzymes" of OXPHOS in the mitochondria. ND1 is located in the conjunction of two functional arms (hydrophilic arm and hydrophobic arm). In complex I, ND1 might combine with ND4L and ND6 to play a role as a proton pump. In addition, ND1 might have the combining site with CoQ (Baradaran et al. 2013 ). Thus, variants in ND1 might have certain functional effect on Complex I even OXPHOS. Reduced metabolic rate and increased NADH/ NAD + ratio could impede the tricarboxylic acid cycle, subsequently initiate hypoxia-induced transcription by stabilizing hypoxia-inducible factor 1 and 2 (HIF-1, EPAS1), and increase adaption to hypoxia (Ji et al. 2012) . Pathogenic mutations were noted in figure 4, and we found that the loop facing mitochondrion matrix and transmembrane region were enriched with pathogenic mutations, indicating the importance of these regions. Also, T4216C (Y304H) was reported as pathogenic mutation in J haplogroup, indicating that this variant have some effect on protein function. However, its Mutpred score were not extreme (<0.9).This mutation occurred 12 times in PhyloTree mtbuild 15 (L1b1a3b, L4b1, M2a1b, M2c, M14, D5c, X2b7, H1bm, H10a, R2 0 JT, P4a, K1a2c). Another variant T3394C (Y30H) was also reported to be associated with both LHON and highland adaption, indicating different effect for the same variant under different haplogroup background and different selective constraints (Ji et al. 2012) . Notably, M9a1a1c1b1, a major haplogroup 6 Kang et al. . doi:10.1093/molbev/mst147 MBE with star pattern in Sherpas, also bore this variant which defined M9a 0 b. G3745A (A147T) in C4a3b1 was close to another pathogenic mutation in the transmembrane domain and variation from A to T also caused radical amino acid change. Both the adaptive variant candidates showed intermedian Mutpred scores (0.690 for G3745A and 0.611 for T4216C). The same amino acid change was also seen in mammalian evolution history, indicating that they might be helpful for protein function although these variant cause radical property changes.
To summarize, we sequenced entire mtDNA genomes in an unrelated Sherpa sample to reveal the maternal genetic structure of Sherpa population, and try to explore the role of mitochondria in adaption to extreme low oxygen environment. Two candidate variants altering ND1 amino acids were found to be harbored in Sherpa-specific lineage expansions. We suggested that these mutations had certain effect on Complex I function and important to the highland adaption for Sherpa people.
Materials and Methods
Population and Samples
Seventy-six Sherpa male samples were collected at Zhangmu Town of Shigatse. All these samples were maternally unrelated and all of their parents were confirmed Sherpas. Other reported mtDNA sequences were consulted mainly to PhyloTree database (van Oven and Kayser 2009; Behar et al. 2012) . The Human Ethnics Committee of Tibet University for Nationalities and Fudan University School of Life Sciences approved the research.
Genomic Libraries Preparation and Sequencing
We amplified entire mtDNA sequences using PCR and 11 overlapping products were mixed in roughly equal mass after determining the concentration of those amplicons. The fragment libraries were prepared on the optimized protocol referring to Illumina and literature-reported protocol (Cronn et al. 2008) . Briefly, whole mtDNA genome of subject was sheared by DNase I and the sheared fragments were purified and concentrated using a QIAquick PCR purification spin column (QIAgen Inc.). T4 DNA polymerase, T4 phosphonucleotide kinase, and the Klenow fragment of Escherichia coli DNA polymerase were used to fill 5 0 overhangs and remove 3 0 overhangs of sheared fragments and then they were added A-residues at 3 0 terminal sides by using dATP and Klenow (3 0 -5 0 exo-). Then, the adaptors designed by us containing unique barcode sequences were ligated to the fragments. We harvested the fragments which range from 200 to 250 bp through agarose electrophoresis platform, and the products were isolated adopting the QIAgen MiniElute gel extraction spin columns and then each sample was amplified using standard Illumina primers and running 15 cycles PCR. After those libraries were purified again, we quantified the DNA concentration for all the samples, 30 ng for each one were pooled together. The oligonucleotide mix was sequenced on Illumina's HiSeq (2000) in Beijing Genomics Institute, China.
Whole mtDNA Sequence Assembly
Original sequencing reads were exported to Fastq files, and then bwa v0.5.7 (Li and Durbin 2009) was used to align reads to revised Cambridge Reference Sequence to generate binary sequence alignment/map (BAM) files of mtDNA genomes (Li et al. 2009 ). The duplicate reads were removed by MarkDuplicates, implemented in Picard v1.36 (http://picard. sourceforge.net, last accessed September 13, 2013) and the mtDNA sequences were locally realigned by GATK v1.2.59 (McKenna et al. 2010) . Pileup files were generated by SAMtools v1.0.16 (Li et al. 2009) . Consensus sequences were then obtained based on the pileup files and indels were checked manually afterward. Variations for haploid and missing site were called according to the criteria used before (Zheng et al. 2011) . All the 76 sequences were deposited in Genbank (KF056243-KF056318).
Haplogroup Assignment
Complete sequences were aligned to rCRS by MUSCLE v3.8.31 (Edgar 2004) and manually checked, then assigned to the haplogroups according to PhyloTree Build 15 (van Oven and Kayser 2009; Behar et al. 2012) . As in PhyloTree, positions 309.1C(C), 16182C, 16183C, 16193.1C(C), and 16519 were not used for haplogroup assignment as these were subject to highly recurrent mutations. Haplogroup A4e3 was modified according to updated sequence information. Haplogroups M9a1a1c1b1, C4a3b1, and A4e3a were newly named in current analysis.
Data Analysis
The median-joining network was reconstructed by Network v4.6 (Bandelt et al. 1999 ) using the 76 complete sequences (supplementary fig. S1 , Supplementary Material online). Considering the network and PhyloTree Build 15, we generated the final phylogenetic tree (supplementary fig. S2 , Supplementary Material online). Three major haplogroups (M9a1a1c1b1, C4a3b, and A4e3a) detected for their proportions were 14.47%, 18.42%, and 18.42%, respectively. Then, the phylogenetic tree was used to examine the assumption of a molecular clock under the HKY + G mutation model. The null hypothesis of a molecular clock cannot be rejected (P = 0.91) using PAML package v4.4 (Yang 2007) .
The coalescence time of these three lineages was estimated using r statistic-based method and maximum likelihood method implemented with all available sequences in these lineages. For r statistic-based method, standard deviation was calculated following Saillard et al. (2000) . Then the time to TMRCA of each lineage was estimated using Soares rate for complete mitochondrial genomes (all the substitutions excluding the 16519 mutation and 16182C, 16183C, and 16194C) (Soares et al. 2009 ). For maximum likelihood analysis, the time of these lineages was estimated using PAML with eight regions partitioned on whole sequences (Soares et al. 2009 ). The BSP for the whole Sherpa population was generated by BEAST 1.6.1 (Drummond and Rambaut 2007 ) and Tracer 1.5.1 using mtDNA coding regions (576-16023). Each MCMC sample was based on a
